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Abstract 
Welding is widely used in all the fabrication processes for the development of structural components. An accurate and 
physically suitable heat flux simulation model is to be given as input for analysis of welding processes. The outcome of the heat 
input is structural deformation and residual stress formation. The temperature and residual stress modelling is one of the complex 
process which utilise the weld parameters and material properties at higher temperatures. A representation of heat flux model is 
developed using heat source with constant and uniformly applied condition. Present work is done with cylindrical heat flux 
model further a realistic model is possible by combining present with other heat flux models, such as Gaussian. The temperature 
distribution and stress analysis has been carried out with developed model by using the temperature dependent material 
properties for Stainless steel SS304. This work can be used for selecting process parameters for reducing structural distortion and 
residual stresses by simulation process. In this paper temperature and residual stresses are discussed. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Gokaraju Rangaraju Institute of Engineering and Technology (GRIET). 
Keywords: TIG welding, heat flux, FEA, transient temperature, residual stress. 
____________________________________________________________________________________________ 
1. Introduction  
Welding is a process used in the fabrication of various steel structures for applications from thin sections to 
thicker sections in various applications like pressure vessels, chemical plants and nuclear reactors. The main 
problem associated with welding is the presence of residual stresses and deformations developed within the sections 
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which may cause the failure at the later stages by Masubuchi (1980). During welding process the material exposed 
with heat flux causes phase change of the metal during melting. The temperature distribution is non uniform like 
fusion zone with molten metal, heat affected zone and the base metal zone. The molten weld pool movement causes 
thermal gradients within the material which enhances the residual stresses and deformations within the structure 
were well addressed by Goldak et.al (1984) and Deng et.al (2008). The heat flux and heat flow conditions are 
mainly governed by the welding source type mechanism and materials properties at higher temperatures. In welding 
processes like arc welding with Tungsten Inert gas (TIG) or beam weld processes like Laser beam welding, the 
estimation of residual stresses is complex due to the various associated entities like thermal gradients due to the 
coupling mechanism of heat flow, solidification and cooling rate. Approximate analytical calculations of the weld 
residual stresses and understanding the key influential parameters have been carried out by Akbari et.al (2008), 
Taljat et.al (1998) and Webster et.al (2002). The heat source is modeled by using the ellipsoidal source approach for 
arc welding process and Gaussian models for the beam welding process by various researchers. Even though 
experimental measurements of the weld residual stress are widely applied by researchers, the complete 
understanding of the cause parameters is complex due to the weld parameters disparity. Analytical approach and 
modeling are helpful to have clear understanding with the process associated in the welding process for the 
temperature behavior and stress conditions which are key responsible parameters for the structural deformations as 
performed by Zhang et.al (2004), Dike et.al (1999) and Shan et.al (2009). The approach used with heat flow within 
the material and flux distribution is essential considerations for the thermal gradients caused within the weld process 
in similar to Mollicone et.al (2006). The load is vectorized so that it can be used in analytical FEM analysis or it can 
be used in FEA packages such as ANSYS or ABAQUS. The present study is focused on the understanding of the 
heat flux mechanism with heat source used for TIG weld process with developed constant heat source model applied 
onto the stainless steel, SS304 material by using the temperature dependent properties and finite element approach. 
The temperature fields at various locations within the weld pool and around the pool geometry (heat affected zone) 
and base metal condition are analyzed by finite element transient thermal approach. The temperature distribution is 
estimated which can further give the estimation of the weld deformations and stresses. 
2. Formation & simulation of welding process  
The heat energy equations are referenced in many including Frewin et.al.(2009). For a isotropic, conductive material 
with equal coefficient of conductivity kx, ky, kz (W/mK) in all three chosen orthogonal co-ordinates. Equation (1) 
gives the heat energy in the weld area with temperature, T (K) obtained both in spatial, x, y, z (m) and temporal, t 
(sec), terms. Q (W/m3 or J/m3s) is the net heat from input and the losses in the form of convection & radiation.  
Density, ρ, kg/m3, specific heat capacity, c, give the right hand terms of how much heat is retained with respect to 
time in the material and how much is taken away with the velocity of welding, v (m/s).The boundary conditions 
given are T0(x, y, z, 0) throughout the body at time zero or at the starting of the weld, this is an essential boundary 
condition. In addition the natural boundary conditions have to applied consisting of normal conduction ࡷ࢔ ࢾࢀࢾ࢔ heat 
flux q, convection h (T-T0), and the radiation term, )(
4
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Together, the boundary conditions are summed up as: 
0)0()0( 44   TTTThqKn VH                          (2) When symmetric boundary and insulation boundaries are considered as adiabatic, with no heat flowing through the 
surface, they are obtained by making convection zero, and conduction zero from the surface. Where, Kn is the 
thermal conductivity normal to the surface in W/mK,   h  is the convective heat transfer coefficient in W/m2K, ε is 
emissivity of surface radiating, σ is the Stefan Boltzmann’s constant, which 5.67*10-8, W/m2K4. When it is difficult 
to use radiation boundary condition, it is combined to convective heat flux by using a modified coefficient, hr, for 
hot rolled steel plates with an error of about 5% is,  
݄௥ ൌ ʹǤͶ כ ͳͲିଷ א ܶଵǤ଺ଵ                                           (3) 
Radiation inclusion will increase solution time by about three times and hence combined with convection. 
 
1541 Harinadh Vemanaboina et al. /  Procedia Materials Science  6 ( 2014 )  1539 – 1546 
2.1 Finite element for simulation 
 
The heat equations (1) can be represented in tensor form so the elemental transient heat equation is obtained and 
later summed to get the system equation which is analysed with time.  
               ہࡷሺࢀሻۂሼࢀሽ ൅ ሾ࡯ሺࢀሻሿሼࢀሽ ൌ ሼࡽሺࢀሻሽ                                                          (4) 
Where K is a temperature dependent conductivity matrix. C is the temperature dependent capacitance matrix based 
on specific heat it’s product with rate of temperature gives heat. The above equation can be solved numerically, with 
standard FEM models with Crank Nicholson or Euler time integration models. An initial temperature Ti is assumed 
K, C and Q are calculated at that temperature and the next temperature T at i+1 is obtained. Again K, C & Q are 
calculated and temperature at next temperature interval is calculated. The iteration is continued for convergence of 
temperature or heat flux values. This is a procedure for transient finite element analysis. In the present study the 
work is done using Ansys. 
 
Assumptions  
 
x Thermal properties, i.e. conductivity, specific heat, density are temperature dependent. 
x A combined convection and radiation boundary condition is used on the remaining of the top surface. 
Heat flux of constant used for fusion welding. 
 
2.2 Finite element model  
 
The finite element model of dimensions 40mm X 150 mm X 10 mm is used. The AISI 304 austenitic stainless steel 
material is considered for simulations to be carried out. The convection is applied on all the surface of the plate 
except on the heat applied area.  In the present study AISI type 304 stainless steel is used as it is having many 
advantages such as low thermal conductivity, high resistance of corrosion and high stability at elevated 
temperatures. Thus SS304 material is widely used in numerous industries, like nuclear industry, chemical plants, 
aeronautical and specialized pipe industry. It has excellent forming and welding characteristics. The properties of a 
typical stainless steel sheet are given in Table 1 as per given by Amudala et.al (2012). The temperature dependent 
thermal properties for AISI 304 stainless steel material are given in Table 2. 
 
Table 1. Mechanical properties of AISI 304 Steel 
 
 
 
 
Table 2. Temperature dependent thermal properties for AISI 304 Austenitic stainless steels. 
 
S.no Temp (K) Thermal conductivity, W/m o K 
Density, 
Kg/m3 
Specific heat, 
J/Kg K 
1 200 11 8200 350 
2 400 15.5 8000 400 
3 600 19 7800 440 
4 800 22.5 7600 550 
5 1000 26 7500 590 
6 1200 30 7400 610 
7 1400 34.5 7350 640 
8 1600 39.5 7300 680 
9 1800 44 7200 720 
10 2000 47 7200 760 
Tensile strength Yield strength Density 
Melting 
point 
Thermal 
conductivity % elongation 
515 MPa 205 MPa 8000 kg/m3 1400-1450oc 
16.2 W/mo K at 
100oc 20-40 
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3. Thermal Analysis 
The thermal analysis has been carried out with constant heat flux, where the thermal load is applied at a time on 
the weld area. After the welding processes is completed, the thermal load step is progressively increased up to 
time=1000 sec to allow the plate to cool down to ambient temperature. In the present work Finite Element 
Analysis of single-pass butt-welding has been carried out with constant heat flux. For this, a simple Butt-joint 
welding whose welding parameters are consistent to those of Friedman’s model with heat input Q = 1200 W is 
considered and has been simulated using ANSYS. The present thermal Ansys is conducted using element type 
SOLID70. This element type has a three-dimensional thermal conduction capability and eight nodes with single 
degree freedom (temperature) at each node. 
                  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              Fig 1(a) Geometry of the model    Fig 1(b) Mesh model used for analysis 
The element is applicable for three dimensional, steady-state or transient thermal analysis. The element can also 
compensate for mass transport heat flow from a constant velocity field. In this analysis, element SOLID70 is 
replaced with by a three-dimensional (3-D) structural element SOLID45. The element is defined by eight nodes 
having three degrees of freedom at each node (translations in the nodal x, y and z directions). The element has 
plasticity, creep, swelling, stress stiffening, large deflection, and large strain capabilities ANSYS. The geometry and 
meshed model with tetrahedral shape with volume mesh of size 0.02 were shown in Fig 1(a) and Fig 1(b). 
4. Results & Discussion 
4.1 Thermal analysis 
 
The temperature distribution was evaluated at various zones i.e. fusion zone, heat affected zone and base plate. The 
temperature distributions of the weldments are shown in Figs 2 to 4.  The 3D temperature distribution is shown in 
Fig. 2. At time t=0, the weld starts with all the constant heat Q, given as input on the surface of weld region. Fig 2 
illustrate the nodal temperature of weldment at time t =15 sec.  In Fig.3 show the temperature measurement is study 
in various zones of the model and to understand the distribution. Fig 3. Shows the temperature versus time 
distribution graphs in the three regions of Fusion zones, Heat Affected zones & Base plate. The temperature is found 
to vary from 303 0 K in Base plate and up to 2570 0 K in the fusion zone with the applied heat input parameters in 
the developed model.  Fig 4 shows the temperature distribution in the transverse direction on the surface of the 
weldment. As the geometry, heat flux & boundary conditions are symmetrically distributed the temperature is also 
found to be symmetric. It appears like a lecto Kurtic distribution hence the properties of lecto Kurtic normal 
distribution, of maxima apply where the temperature is more centrally located.  
 
1543 Harinadh Vemanaboina et al. /  Procedia Materials Science  6 ( 2014 )  1539 – 1546 
 
 
Fig 2. Nodal solution of the plate 
 
 
 
Fig 3. Temperature distribution perpendicular to welding direction of the weldment at time=15 sec 
 
Fusion Zone 
Heat Affected  Zone 
Base Plate 
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Fig 4.  Temperature distribution in transverse direction 
 
4.2 Residual stresses 
 
The estimate of residual stresses is analyzed in all the regions. Due to the variance in the temperature gradient, the 
material properties are given in the model for elevated temperatures. A stress acting normal to the direction of weld 
bead is known as a transverse residual stress. The stresses distributions are shown in the Fig.5 to 7.  The temperature 
near the weld bead and heat affected zone rapidly changes with distance from the heat source. Transverse stress 
distribution over the plate area of heat input is shown in Fig .5, which shows more stress value in the weld bead area 
and gradually decreases from center line to the base plate end. It shows a symmetric distribution as similar way seen 
in temperature profile. The maximum stress value is about 76.90 MPa. The longitudinal stresses along weld bead are 
about 60 MPa with some peaks at the edges because of boundary conditions. The stress variation along the length in 
the base plate is about 15 MPa.  This is also constant, except for the difference at the edges. The value is less as the 
temperature at the base plate is less. 
 
   
 
Fig 5.  Stress in Transverse weld, X-direction of weldment. 
 
Transverse stress 
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Fig 6. Stress in Longitudinal, Y-axis to weld direction in fusion zone. 
 
The transient thermal analysis was useful to have the estimation of the stress distribution with the given heat in 
terms of weld process parameters. This process simulation can be used to get the approximate idea for the weld 
structure level of stress prior to the fabrication process with appropriate het flux input parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7.  Stress in length along Y-direction of weldment. 
5. Conclusion 
FEM simulation by adapting a constant heat flux analysis has been carried out on SS 304 steel material for the 
transient thermal temperature and residual stress analysis. The temperature field at the weld zone was found higher 
at the given constant heat flux input when compared with the heat affected zone and base plate regions. The stress 
analysis indicates as residual stress values of higher level at fusion zone are noticed compared to HAZ and Base 
metal it tends to lower in transverse and along the weld bead. This prediction of analysis with reference to the 
estimation of stress can be useful to predict the weld residual stress status with the heat input parameters which can 
be used for experimental application. 
 
Longitudinal stress 
  Stress along Thickness 
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